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An electronic circuit for instantaneously "mdicating angular 
velocity and acceleration, both positive and negative, of rotating 
masises is 'lescribedj roadincs are taken on electric*il indicating 
ni'itera. The clrcalt may be jsed in applications where suv-Jen 
chanties in accF.lcrati.on are not encfjimtorod. The instrument has 
the adv^ntafs ff i,uttin£: almost no dra;^ on the rotatin." "^c^-b-sr. 

Thfj indicator is dusiribod in trrn;; of f^oner-?! '-ippliciLion. 
A circuit fllai'jran, calibration curves, and a aath.=i,n'tical nni.lysis 
of the cliffer-inti'itin^ circuit arc included. An exajTij-lr, chowinf; 
\ise of the indica-tor with the four-ball wfjar top is inclurk-i to 
illustrate a sprjcific ai-plication. In this application, the prror 
in the reprodiicibility of the inJi cations toc l:<sr. than 5 percent. 



ISTROrHjCTIOM 



A procran involvjji." n rreat nunb'sr of lubrication t?stB rith 
a modified Shell iJevfilopriRii* Comp-'jiny four-ball, war top su:;jeEted 
the nee^l for a sinplor an J qujclcer raothod of obtaininc data fron 
the machine tlian tSiat provided by the r,iannfacturt'r. In tlic four- 
ball vear top the lubidnant is tf;i:tc-ju ^ry observijiK the an^lar 
velocity and deceler-ition oi a loodinp, wieipjit sloired dorm by fric- 
tiunal forces betweon four balls luori.:atod by the oil undt-r test. 
Hsferences 1 and 2 t-'ive description& of testa ^.ith the four-ball 
Trt.ar top. (S3R fip. 1 for aoctional vif.w of the macliine.) In the 
manufacturer's method the ir;^ilar v-locity and acceleration '"trc 
determinad by couj-.tini- tJiw c/clcs of a diruct inl.-inf' oscillograph 
an'i by plottim^ a cm*v»3 of anjilai' velocity as a function of time. 
Ft'ora this curvu the slopf,-s ver^. meas'ir..-:; to sivj the an,'.:jlar accol- 
eratioc. 

An electronic indicator was developed aL IJie Aircraft Engine 
Research Laborator*/ of tti'j KACA froia February to September IjliJ 
that Eruatly reduces tho tixio and effort required to obtain these 
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data. It can bs used to show the average frequency of a series of 
nearly evenly spaced electrical Impulses, jhe mean frequency of 
-nhich does not exceed 1% cycles per second. The circuit is so 
designed that it is not affected by moderate changes in the magni- 
tude and shape of the pilses. If the frequency approximates a 
predescrlbed function of time^ the Indicator will also show the' 
magnitude of the time derivative of Arequency. 

Because the indicator is not restricted in its use, it is 
herein described in terms of general application. An example 
showing opi3rat3.on of the indicator with the fotir-ball wear top is 
also given to illustrate its adaptability. Calibration curves 
and a mathematical analysis of the differentiating circuit are 
included. 



nEEflRIPTIOH /iJP APPLIC/TTON OF INDICATCR 

Description and Operation 

The electronic indicator for anf;ular velocity and acceleration, 
a circuit diagram of wliich is shown in figure 2, derives its power 
from the 117-volt a-c. line and uses gaa-filled and vacuum tubes 
of a common variety. In operation a series of positive voltage 
pulses, proportioi^al to the speed of the rotating member under 
observation, is applied to the grid of the thyratron V2 across 
the resistor Rj.- Sach positive pulne trips tlis thyratrons V2 
and Vj. 'iTie average current flov/infj tiiroufh V:^ is mmasured by 
the velocity metei* Mj^. The voltage developed across Rg by 
this current is directly proportional to the number of thyratron 
trips per unit time and is therefore a measure of the angular 
velocity of the rotatin«; member, /fter the voltage has beon 
filtered by R9, Cg, R^Qj ^^"d C7, it is applied to the differ- 
entiating circuit Cq and Rx2< ^'he voltage appearing across R]^2> 
within the limits to be discussed in the section Mathematical 
Analysis, is the tljnR derivative of the voltage across Rg. The 
differentiated voltage is amplified by Vl^ and measured as a change 
in the plate current of the amplifying tube by the acceleration 
meter If 2. A reading less than zero on V.2 Indlcatfis that the 
rotating member is doct.lcrating. In fif^ure 2 the meter M2 is 
connected to give positive readings of tieceleration. 

The voltage developed across Rg mi'st be a linear function 
of the anrular velocity in order that thu sane meter reading on 
II2 be obtained for th& samo acceleration independent of the 
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magnitude of the velocity, as idll be fehowi in the following sec- 
tion. If the Voltage across the plate-load resistor of a thyratron 
is to be a linear fluiction of the nvunber of irapilses applied to the 
grid, three conditions must be fulfilled; 

1. The number of grid impulses and the number of plate-current 
pulses must be in a one-to-one correspondence. 

2. The thyratron iiust be self -quenching. 

3. All plate-current imlses must be of equal magnitude regard- 
less of the nature or frequency of the grid impulses. 

In order that these three conditions be fulfilled over the range 
of speeds that the indicator was called upon to measure (0 to 
150 ^juIsrs per sec), two thyratrons were necess?iry. The first 
thyratron V2 is self -quenching for nearly any shaped pulse and 
transmits a positive voltage of almost constant magnitude to the 
second tiiyratron Vj even though the initlnblng pulses may vary 
somewhat in size and shapo. The seoon-i thyratron provides a 

piste current linear with the frequency of the impulses applied to 
its grid. 

The t'.vo voltage-repulator tub-'s and provide constant 

voltage for the second thyratron V5 sind the amplifying tube V|^. 

These tubes ^id materially in rsndsrlnp tn* velocity scale linear 
and in linking the accelention rpad.ing independent of the velocity. 

Application 

From the preceding discission it can be seen that the source 
of the positive pulses proportional to the velocity of the rotating 
member and applied across R-j^ is immaterial. The pulses may be 
obtained, for exaiiple, from a battery in series with a contactor 
attached to the rotating member, from a magneto, or from an ■ 
alternating-current generator driven by the rotating meniber. 

Another means of generating positive pulses cm be obtained 
by subjecting a photoelectric cell to light pulses from a mirror 
rotating with the oieniber under consideration. (See fig. 3-) This 
method, which is the one used in the application described herein, 
has the distinctive advantage of placing almost no additional drag 
on the member in order to secure the desired voltage pulses. 
Another interesting application of this sa^ie method is used with 
the Domier Air log described in reference 3» 
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MATHSM,4TICAL ANALYSIS 

In the circuit used for the instrument the mechanical inertia 
of the velocity ineter is the only factor that limits the indication 
of rapid changes in angular velocity. However, the differentiating 
circuit was designed to give the time rate of change of a voltage 
vai^rlns in a manner described by the following equation: 

e » kv - k + at + bt^) (1) 



where 




e 


instantaneous voltaee across Rjj 


V 


instantaneous velocity 


'o 


initial velocity 


t 


time 


a, b, k 


constants 



The vol+.age e cnn be Jifferf-ntiitcri by a series resistor- 
condenser combination (see reference k) as ehorrti by the followinf? 
analysis; 

Let 



II series resistor acrosa v/hicri the -ii-f fer.;ntiit';d vnltf.ge 

will appeal- 

C series cond.-jnsdr 

i current througn R and C 



Then 

o - Hi + ^jx dt - k 4 at + bt^) (2) 

TOien t - 0, the velocity is constant -aid the voltagrs on the 
condenser is eqpial to kv^. The sol'itior- of .-jquation (2) is 

i - kC [a + 2b (t - RC) - (a - 2RCb) c"^^^^']^ (3) 

and 
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The voltage iR and hence the current 1 should be propor- 
tional to the time derivative of the applied voltage. Any departure 
from this proportionality tnust be considered an error In the differ- 
entiating circuit. This error may be coraputed as follows: 



From equation (2) 



Dividing by de/dt 



i de „di /|-\ 

c " dt - % ^-'^ 



. 1 . (6) 

de de 
dt dt 

From equation (6) it is clear that the expression R^^^^^ repre- 
sents the fraction-il error in assuitiinf; that i is proportional to 
de/dt. But from equation (^) 

de . i 

dt 



Substituting the expressions of equations (3) and (U) into the 
right-hand member of equation (7) 

« 2 bRC + (a - 2bRC) c~^^ 

Percentage error - * ■ x 100 (8; 

a + 2bt 



In the circuit used the time constant RG was 1 second. In 
order that the percentipe error be small, b must be small in 
comparinon with a, and t must be about five times RC. If the 
velocity is in the form given in equation (1), if the acceleration 
changes slowly with time, and if acceleration readings are not 
taken until af tfir the acceleration has been in. progress -for at 
least ■> seconds, accurate acceleration readings can be obtained. 
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1(7 a similar analysis It can "be sbOKzi that the circuit Is 
suitable for Indicating acceleration If the velocity can "be rep- 
resented "by the following equation: 

T a San °o«%* (9) 

provided SOcOq Is small In ccmparlson vlth 1. In this particular 

circuit BC Is equal to 1 and co^ must the3refore he awmn in 
CGDiparlson vlth 1. 

In order that the meaBurenent of the derivative of the voltage 
developed across Bg be indicctlve of the deceleration^ a linear 

relation must exist between the velocity and the voltage. To 
Illustrate: 



If 

V = f(e) 

then 



" (de) (pi) 



Acceleration =g=f^)(^) (10) 



In order that de/dt, the quantity measured, be proportional to 
dv/dt, df/de must be a constant. A linear relation between the 
voltage emd the velocity must exist for df/de to be a constant. 



QPHiBATIGOIT VIES. FOUR-BALL WEAB TOP 

The operation of the indicator with the modified four-ball 
wear top Is relatively simple. The double-pole, single-throw 
switch Sj^ (shown in fig. 2 as S^^ and Sjj^) is open and the 

three-pole, two-position switch Sg (shown in fig. 2 as ^ 
Sg^, and Sg^) is closed when the unit is plugged into the 

117-volt a-c. line. The light syetem is then so adjvisted that 
the photocell is flooded with light when the mirror is in a favor- 
able position. After the optical adjustment lias been made, the 
light source is tetcporarlly shut off. Switch S]_ is then closed. 

After the indicator has had several minutes to warm up, switch Sg 
is opened and the meter Mg is adjusted to zero by means of the 
variable resistor B24« Switch Sg is then closed, the light 

source is turned on, and the rotating member is brought up to 
speed. 
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The sensitivity control R)^ is advanced froa an extreme 
negative ijosition only sufficiently to give a steady reading on 
the velocity meter U^. The driving" torque is next removed from 
the rotating member and switch S2 is opened. (Switch S2 had 
been left closed so tJiat the condenser might charge more 

quickly through U-^i "than through the sum of R^, ^10» 
^12') After the short initial time period, when the error is 
high, the an^l^r velocity and deceleration of the rotating member 
are given meters and Ug, respectively. 

During the series of lubrication tests that followed the 
development of this Instrument, its reproducibility was frequently 
checked. The velocity indications could be reproduced to the 
lljnit of the meter scale, that is, about O.li percent of full scale. 
The accelorption meter was not so reproducible. The readings 
varlea as mch as 5 percent between different rtms at the same 
deceleration. 

Use oi' the indicator preatly resduced the time required to 
obtain data with the four-ball wear top. By me'jns of the electronic 
indicator, dotq for 1 sint^le r.in could be prepared and plotted in 
20 minutesj whereas 8 hours were rsquired previously. 



CALIBR'iTjrijj OF '/ETERS 

Th'* InstruinRnt cnn be calibrat'ad by connecting a varisble- 
frequenoy oscillator to R-^ through 9 small coupling condenser. 
At this ti-ne H(3, -lounted inside the chascis, should be fo adjusted 
for ^.roper bias on thyratron Vj that it trips each time the thy- 
r«itron V2 is fired by the oscillator. The variable resistor Rg 
need not be readjusted until new tubes are installed. The velocity 
meter in calibrated fihen a plot of meter reading as a function of 
frequency has been made, as shown in figure U* This relationship 
must b& a straight line. 

The acceleration meter m-ty be calibrated by making a 
typical test run. As the rotating msraber changes its spebd, read-y"' • 
inc<s of the two meters are taken at definite time intervals. By , 
mtjans of figure k the readings of Uj^ are converted into angular^ 
velocity values and a curve of velocity as a function of time is . 
plotted. Figure 5 shows three curves taken with the four-ball 
wear top with three different loading weights. The negative accel- 
erations were graphically determined for each tine an acceleration- 
m&ter reading was recorded. These M2 readings were then plotted . 
against the graphically computed accelerations. A calibration of.-. 
th& acceleration meter is shown in figure 6* 
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CX)NCLUDINa REMAHKS 

The electronic indicator obtains angular velocity and accel^ 
eration data without adding appreciable drag to the revolving 
member. The time required for preparing and plotting the data for 
a single nm is about 20 minutss. In a numbor of test runs with 
the four-ball woar top the instrument readin».js were reproducible 
to 0,k percent of full scale on thfi velocity indicator and to 
±5 percent on the acceleration met^r. 
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Figure 1, - Sectional uleu of modified four-boll ueor top. 
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Ffgure 2. - Cfrcuft dfagron of the "el ecfronic Indicator for 
angular velocity and acceleration. All resistors 
except By ore 2 uotts; By Is 10 uotts. 
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Figure 3. - Block diagram showing no-drag system for generating voltage 
pulses for electronic Indicator. 
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